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a b s t r a c t
Recirculating aquaculture systems (RAS) are increasingly being used for Atlantic salmon smolt produc-
tion. However, knowledge of how the RAS environment affects welfare and performance of Atlantic
salmon is limited. For instance, safe limits for chronic exposure to typical compounds in RAS, such as
NH3-N, NO2-N, and CO2 should be established for Atlantic salmon, as well as their interactions with
nutrition, other RAS water compounds, and the microbiota. These questions can best be answered in a
research facility that is providing a RAS environment. In addition, the facility described herewas required
to produce 480000 smolts annually, to provide sufﬁcient research ﬁsh in the institution. Design and
dimensioning of such a facility require attention to ﬂexibility for various experimental designs, and the
ﬂexibility to vary speciﬁc water quality constituents, properties that are not necessary in a standard
production plant. A research facility of 1754m2 ground ﬂoor area (Noﬁma Centre for Recirculation in
Aquaculture, NCRA), was designed and constructed for these purposes at a cost of 45mill. NOK (2010
value). The facility included six experimental halls, a number of support rooms, and four independent
RASs. Water quality requirements at maximum feed loading were in the design phase set to <10mg/L
CO2, <0.7–1mg/L TAN, and <0.1mg/L NO2-N, and the RASs dimensioned with this objective. The facility
was designed so thatwater fromdifferent RAS or ﬂow-throughwater sources could be chosen at the level
of the culture tanks, thus giving ﬂexibility for experimentation. Performance of the facility was tested
in two trials, during the ﬁrst 3 years of operation. In Trial 1, a standard production study showed that
Atlantic salmon parr reared in the facility had growth rates comparable to that seen in the Norwegian
Atlantic salmon smolt industry. In Trial 2, water quality and removal efﬁciencies of RAS 1 were evalu-
ated at increasing daily feed loads. Removal efﬁciencies were comparable, in the case of TAN, and when
calculated for the system as a whole also for CO2, to assumptions made during dimensioning and design
of the facility. The RAS maintained water quality within set limits for TAN and CO2, but not in the case of
nitrite (0.22mg/L NO2-N versus 0.1mg/L limit). The water quality limits of TAN and CO2 were reached,
not at full feed capacity, but at 134% of the theoretical feed capacity calculated prior to construction. This
dimensioning was based on an often used methodology. When recalculating the RAS 1 TAN production,
but now using published Atlan
prior to construction may ove
recalibrating the feed load cap
It is expected that in the long-t
requirements of ﬁsh reared in
Abbreviations: BW, bodyweight; CO2, carbondioxide; COD, chemical oxygendemand;
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. Introduction
Recirculating aquaculture systems (RAS) for Atlantic salmon
Salmo salar L.) smolt production are few in Norway, due to his-
orically sufﬁcient freshwater bodies for the required water use.
ost salmon smolt producers in Norway use ﬂow-through (FT)
ystems, or partial reuse systems with tank-level CO2 degassing.
owever, Kittelsen et al. (2006) showed that further increases in
molt production in Norway beyond 2012 may be hampered with-
ut implementingwater treatment that can lower thewater usage,
uch as RAS. Future increases in smolt production in combination
ith water resources that are already leveraged at near maximum
apacity has therefore promoted interest in RAS in Norway. To sup-
ort such a development, it was decided to establish the Noﬁma
entre for Recirculation in Aquaculture (NCRA) at Sunndalsøra,
orway (62◦40′1.24′′, 8◦31′28.14′′). A project groupdetermined the
ong-term research goals to be achieved in the facility, aswell as the
equirements to be met by the facility. Studies describing effects of
AS on Atlantic salmon welfare or performance are relatively few
Risa and Skjervold, 1975; e.g. Sutterlin et al., 1984; Bowser et al.,
989; Eikebrokk andUlgenes, 1998; Grifﬁths andArmstrong, 2000;
usten et al., 2006). It was therefore decided that the primary pur-
ose of NCRA should be to facilitate studies on effects of RAS on the
sh and to provide recommendations on how to achieve optimal
erformance, health and welfare in RAS. The project group con-
luded that studies onAtlantic salmonwereneeded inparticular on
ubjects such as (1) safe chronic ammonia and nitrite levels in RAS,
2) effects of ﬁshdensity determined inRASenvironments, (3) ther-
al optima for low malformation rates of salmon in RAS, as have
een studied in FT (Bæverfjord et al., 1999), and (4) optimal tank
ater velocity during parr production in RAS. Although the facil-
ty was thought to be useful also for testing RAS equipment, it was
ecided that technological research activities should be secondary
o ﬁsh requirement studies. A second objective of the facility was
o produce up to 480000 smolts annually, for use in experiments
n Noﬁma, and in commercial-scale experiments together with the
quaculture industry.
A research facility to meet these objectives called for a different
roject approach compared to planning a RAS plant for commer-
ial production purposes only. In addition, the research facility had
o be accurately dimensioned, and its performance documented,
uch that good experimental designs can be developed in research
rojects. Furthermore, the growth rate of the studied ﬁsh species,
t control group conditions, should behigher or at least comparable
o growth rates obtained in the aquaculture industry.
Onepossible solution to the set of requirementsdescribedabove
s reported here, as well as performance data obtained during the
rst 3 years of operation. The project development, facility design
nd dimensioning, described here may be of use to other research
nstitutions that intend to establish similar or related facilities.
. Materials and methods
A pre-project group was established to determine the require-
ents that the facility should fulﬁll, and the overview of the design
nd dimensioning necessary to meet these requirements. Subse-
uently, a main project group was established, which supervised
onstruction (as owner’s representatives), start-up and perfor-
anceevaluationof the facility. The total cost for establishingNCRA
as 45 mill. NOK, 2010 value (7.6 mill. US$, at 5.9 NOK/$)..1. RAS dimensioning and design
Dimensioning of the reuse systemswas done according tomass-
alance principles, as outlined by several authors (e.g. Liao andngineering 54 (2013) 49–63
Mayo, 1972; Losordo and Hobbs, 2000; Summerfelt and Vinci,
2004a,b; Vinci et al., 2004; Eding et al., 2006; Timmons and Ebeling,
2007). Growth rates used in the calculations at various ﬁsh weight
and temperatureswere according to ClubN 2002 tables for Atlantic
salmon (Skretting, 2007). Dimensioning of multi-chambered mov-
ing bed bioreactors (MBBR) followed that of Drennan et al. (2006)
and Rusten et al. (2006). Regarding dimensioning and design of CO2
degassers, equations developed by Summerfelt et al. (2000) were
used for calculations of packing height, ﬂowdistribution plate area,
and required countercurrent air ﬂow in the degassers.
2.2. Start-up of systems used to evaluate initial facility
performance
A total of four separate RAS were installed in the facility, as
described below. However, RAS 1 was used for most of the per-
formance testing. RAS 1 MBBR was started for the ﬁrst time in
May 2009, by adding media to ground well water gradually due
to the hydrophobicity of the media, until 10.5m3 packed volume
(sum of all three MBBR chambers) was reached at the 2nd of July,
2009. Nitriﬁcation was started by using ground well water, feed
extract, and dosing of NH4Cl (to initially 5mg/L TAN), NaNO2 (ini-
tially 0.5mg/L NO2-N), NaH2PO4 (0.1mg/L PO4-P), and NaHCO3
(75mg/L as CaCO3). During the start-up phase the temperaturewas
20±3 ◦C (mean± SD). No ﬁsh tanks were connected to RAS 1 until
May 2010. RAS 2 and grow-out hall 1 RAS were started similarly
in April 2010, except that in the case of grow-out hall 1, media
was added until 16.2m3 packed volume; i.e., the amount of MBBR
media used during the ﬁrst rearing was less than for full capacity
(see Section 3.1.8).
2.2.1. Trial 1: Evaluation of growth rate of Atlantic salmon parr
reared in NCRA
Atlantic salmon parr of SalmoBreed strain (SalmoBreed AS,
Bergen, Norway), were reared until 6.5 g mean individual weight
in a FT system in a separate facility at Noﬁma Sunndalsøra. To eval-
uate growth rate in NCRA, the ﬁsh were stocked in June 2010 in
three 3.3m3 tanks (5115 individuals per tank) in Experimental hall
1, and receivedwater fromRAS 1. The set-up of RAS 1 during Trial 1
was as described under Section 3.1.7 below,with the one exception
that ozone (O3) supplementation was not used, since construc-
tion of the dosing system was not completed by the time Trial
1 started. The ﬁsh were fed commercial diets with 1–4mm pel-
let sizes throughout the study (EWOS, Bergen, Norway). The daily
ration to the tanks were adjusted so that a minimum amount of
waste feed accumulated in the swirl separators connected to each
tank.
2.2.2. Trial 2: Evaluation of system water quality and treatment
efﬁciencies at maximal daily feed load
Water quality and unit treatment efﬁciencies were measured in
Trial 2. In this trial the ﬁsh biomass and corresponding total sys-
tem feed loading approached (42kg feed/day), exceeded slightly
(49kg feed/day), or exceeded signiﬁcantly (61kg feed/day), the
maximal theoretical daily feed loading capacity of RAS 1 (45kg
feed/day), determined during dimensioning prior to constructing
the facility (Tables 1–3). Operating conditions were otherwise as
equal as possible to the maximal load situation listed in Table 2
for RAS 1. System conﬁguration during Trial 2 was as described
under Section 3.1.7 below for RAS 1, with the one exception that
ﬂat horizontal tank outlet sieves were used in the experimen-
tal tanks, and not the Eco-trap outlets (AquaOptima, Trondheim,
Norway), due to the small size of the ﬁsh at stocking. During Trial
2, O3 was supplemented to RAS 1 using ORP set-points of 270mV
(dosing on), and 275mV (dosing off). At Day 0, 199000 Atlantic
salmonparr of 2.8 g/ind size (Bolaks strain, Eikelandsosen, Norway)
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Table 1
Water quality parameters of degassed ground water at Noﬁma Sunndalsøra.
Year 2000 (n=2) Spring 2003 (n=6)
Parameter Unit 11 April 3 Nov Mean SD
Conductivity Cond (mS/m) 1.6 45.8 57.2 25.7
pH – 6.4 6.7 7.0 0
Calcium Ca (mg/L) 1.7 4.6 10.9 3.5
Magnesium Mg (mg/L) 0.2 8.0 10.1 5.4
Sodium Na (mg/L) 0.7 65.7 83.8 39.5
Potassium K (mg/L) 0.2 2.7 3.8 1.1
Aluminum Al (g/L) 21 15 12.8 4.4
Sulphate SO4 (mg/L) 2.8 20 31.4 9.3
Chloride Cl (mg/L) 0.9 118 141 72.8
Alkalinity Alk (mol/L) 60 79 216 11.2
Nitrate NO3-N (g/L) – – 350 55.8
Total nitrogen Tot-N (g/L) 78 90 456 28.9
Total organic carbon TOC (mgC/L) 0.6 0.8 0.2 0.1
Iron Fe (g/L) 15 11 6.6 2.6
Turbidity Turb (FNU) 0.2 0.3 0.1 0.1
Carbon dioxide CO2 (mg/L) –
Water sampled at two dates in 2000, and during spring 2003 (n=6) and analyzed by No
data (T. Kristensen, NIVA, by permission).
Table 2
Maximum load situations, and the required water quality at these situations.
Parameter Unit RAS 1 or 2 Grow-out
hall 1 or 3
Maximum load situation
Temperature ◦C 14 14
Water source Ground water Ground
water
Rearing volume m3 48 300
System hydraulic retention
time
Days 0.5–5 0.5–5
Fish size g 2 50
Fish density kg/m3 25 50
Growth rate % BW/day 4.2 2.5
FCR feed/gain 0.9 0.8
Feed load kg feed/day 45 303
Water quality at maximum load
pH 6.8–7.2 6.8–7.2
CO2 mg/L <10 <10
O2* % sat 90–120 90–120
TAN mg/L TAN <0.7 <1
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uNitrite mg/L NO2-N <0.1 <0.1
* O2 to be varied for experimental purposes at maximum load.
ere stocked in a total of nine tanks of 3.2m3 each in Experimen-
al hall 1, and reared under continuous light. The ﬁsh were fed a
ommercial feed (Skretting Nutra Olympic 1.2–1.5mm, Skretting,
tavanger, Norway), provided evenly over 24h. During the ﬁrst
eriod of the trial, up to Day 20 since stocking, feed loading was
radually increased to 40kg/day, according to the predicted ﬁsh
rowth. During the following 19 days period, feeding continued to
e increased according to, or slightly below (−5%), the expectedﬁsh
rowth (Skretting, 2007), and using a FCR of 0.9 (Austreng et al.,
987). Conditions during Trial 2 were maintained as close to the
heoretical maximal load situation as possible (Tables 2 and 3),
n terms of pH, ﬂow rate, make-up water ﬂow rate, and tem-
erature. At Day 21 after the initial stocking, at Day 27, and at
ay 39, corresponding to the daily feed loadings of 42, 49, and
1kg, respectively, several water samples at various RAS 1 loca-
ionswere collected todeterminewater quality, andunit treatment
fﬁciencies of the mechanical ﬁlter, MBBR and CO2 degasser. The
O2 removal efﬁciency measured here is reported as the apparent
emoval efﬁciency, as discussed by Colt et al. (2012)..2.3. Data logging and analyses
During both Trials 1 and 2, several parameters were measured
sing online instruments; pH (Sensorex S8000CD-pH, Sensorex,– 7.0 1.4
rwegian Institute of Water Research. The 2003 time series represent unpublished
Golden Grove, USA) and temperature (PT100, Hyptech, Drammen,
Norway) were measured continuously in the degasser sump, ORP
in the mechanical ﬁlter inlet (Sensorex S8000CD-ORP, in dupli-
cate), and recycled and make-up water ﬂow rates (Siemens Sitrans
FM Magﬂo ﬂow transmitters, Berlin, Germany), as well as O2-
saturation in each experimental tank (Sensorex DO6442-T). These
data were logged once every 5min.
Water quality during Trial 1 was measured regularly using a
Hanna Instruments C203 2008 photometer (Hanna Instruments,
Quebec, Canada)with reagents for total ammoniumnitrogen (TAN,
sum of NH3-N and NH4-N) determination (method HI 93700) and
for nitrite nitrogen (NO2-N, method HI 93707).
Water samples collectedduringTrial 2wereobtainedby siphon-
ing from sumps or the bioﬁlter outlet, or from sampling outlets on
pipes (e.g. tank inlets). In Trial 2, TAN, NO2-N and NO3-N concen-
trations in batch water samples were analyzed using an automated
analyzer (Flow Solution IV, OI Analytical, College Station, TX, USA),
according to U.S. E.P.A Method 350.1 (U.S.EPA, 1983) for TAN and
U.S. E.P.AMethod353.2 (U.S.EPA, 1983) forNO3-NandNO2-N. Total
inorganic carbon (TIC) was analyzed on fresh samples kept on ice,
collected without air-bubbles in glass ﬂasks, according to method
6/93 Rev. B (Perstorp Analytical, Perstorp, Sweden). In this analysis,
the samplewas acidiﬁed in the FSIV autoanalyzer, and the resulting
CO2 diffused through a semi-permeable membrane, which low-
ered pH and lead to color loss in aweakly buffered phenolphthalein
solution. The TIC concentration was calculated from sample read-
ings and TIC standard curves usingWinFlow software (Ver. 4.2., O.I.
Analytical). CO2 in the original samplewas subsequently calculated
from pH and temperature measured at the time of collection, and
using carbonate system constants in Summerfelt et al. (2001). CO2
was in some cases also estimated using an Oxyguard portable CO2
analyzer (Oxyguard, Birkerød, Denmark). In addition to the online
probes in the degasser sump, pH was also measured at other loca-
tions in the RAS and tanks during Trial 2, using two Hach HQ40D
pH meters with Hach PHC10101 electrodes (Hach Lange, Düssel-
dorf, Germany), whereas conductivity was measured using a Hach
CDC401probe connected to theHQ40Dmeter.Water sampleswere
analyzed for TSS according to standardized method 2540 D (TSS
dried at 103–105 ◦C)(APHA, 2005). A commercial kit from WTW
(Cat.# 250303) and a PhotoLab 6000 VIS series spectrophotometer
(WTW, Weilheim, Germany) were used for analysis of total chemi-
cal oxygen demand (COD). Turbidity was measured on fresh water
samples using a Turbiquant 1500 IR (Merck, Darmstadt, Germany),
while alkalinity was measured according to APHA (1999). Nitrogen
gas saturation of water samples at various locations in RAS 1 was
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Table 3
Dimensioning of TAN and CO2 removal, using RAS 1 as an example. See Table 2 for other parameters used in the dimensioning.
Parameter Value Unit Reference/comment
Total tank volume 48 m3
Total biomass 1200 kg
Total feed per day 45.4 kg
Maximum system HRT 5 Days
Bioreactor
Speciﬁc protected media area 900 m2/m3 Suppliers statement of area for bioﬁlm growth
TAN production per day 2083 g 46g TAN kg feed, make-up water subtracted
TAN conc. inlet reactor CH1 0.70 mg/L
TAN conc. outlet reactor CH1 0.35 mg/L
Speciﬁc nitriﬁcation rate CH1 0.361 g TAN/m2/d Rusten et al. (2006), Drennan et al. (2006)
Needed TAN removal CH1 1133 g/day
Total media area needed CH1 3140 m2
TAN conc. inlet reactor CH2 0.35 mg/L
TAN conc. outlet reactor CH2 0.15 mg/L
Speciﬁc nitriﬁcation rate CH2 0.203 g TAN/m2/d Rusten et al. (2006); Drennan et al. (2006)
Needed TAN removal CH2 636 g/day
Total media area needed CH2 3140 m2
TAN conc. inlet reactor CH3 0.15 mg/L
TAN conc. outlet reactor CH3 0.06 mg/L
Speciﬁc nitriﬁcation rate CH3 0.100 g TAN/m2/d Rusten et al. (2006); Drennan et al. (2006)
Needed TAN removal CH3 314 g/day
Total media area needed CH3 3140 m2
Total needed media volume 10.5 m3
Filling factor reactor 50 (% media) Suppliers statement
Total reactor volume (CH1+2+3) 21 m3
Required TAN removal efﬁciency 92 % Single pass
Degasser
Oxygen demand/kg feed 350 g O2/kg feed
Carbon dioxide prod/kg feed 409 g CO2/kg feed Assuming an RQ of 0.85, Kieffer et al. (1998)
Total CO2 prod. per day 19 kg
CO2 conc. inlet degasser 10 mg/L
Hydraulic loading rate 0.025 m3/s/m2
Required CO2 removal efﬁciency 78 % Single pass
CO2 conc. outlet degasser 2 mg/L
Packing height minimum, Z 1.6 m Summerfelt et al. (2000), Eq., random packing
Packing area 1.5 m2
Gas:liquid ratio, countercurent 5
System water ﬂow
m3
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dFlow req TAN removal 2.2
Flow req CO2 removal 1.7
Tank HRT at control ﬂow 21
alculated fromtotal gaspressuremeasurementsusingaP4Tracker
nd/or a TBO-F (Pointfour, Coquitlam, BC, Canada). All handheld
nstruments were calibrated according to manufacturer’s instruc-
ions. In the case of online pH probes, two-point calibrations were
one each week, while the Oxyguard CO2 probe, and the handheld
H meters were calibrated before each sampling point. In the case
f pH, the meters were also cross-checked against each other.
Subsamplesof the feedusedduringTrial 2were collectedat each
ater quality samplingpoint orwhen changing feedpellet size, and
nalyzed for dry matter (DM, 105 ◦C until constant weight), crude
ipid after HCl hydrolysis (2055 Soxtec Avanti and SoxCap system
047 Hydrolyzing Unit, FOSS, Hillerød, Denmark), crude protein
N×6.25; Kjeltec Auto 2300, FOSS), ash (550 ◦C overnight), and
nergy (Parr 6300 bomb calorimeter, Parr Instrument Company,
oline, IL, USA).
. Results and discussion
.1. Dimensioning and design.1.1. Required capacities in NCRA
The pre-project established that the facility should cover two
equirements: experimental objectives and experimental ﬁsh pro-
uction goals. Although the facility was designed to cover two/min
3/min
in
objectives, it was not required that both requirements were met at
full capacity, at the same time. The experimental objectives were
prioritized over the production goals. The experimental design of
two planned studies (“Experiment 1” and “Experiment 2”) were
used to determine the number of experimental treatments neces-
sary to provide in the facility, since these trials were deemed to be
the most complex and resource intensive trials that would be done
in the foreseeable future. The ﬁrst experiment, called temperature
tolerance of salmon parr in RAS versus FT, was found to require
12 tanks, two RAS and two FT water sources, over two water tem-
peratures, in a two-way design (water source× temperature). The
second experiment, named long-term effects of RAS versus FT dur-
ing Atlantic salmon smolt production, was planned to occur from
about 5g/ind size, through smoltiﬁcation and sea transfer, until
½ year at sea in cages at Noﬁma’s station at Averøy (63◦3′38.43′′,
7◦35′28.65′′). In NCRA, this experiment required systems for main-
taining similar temperatures inRASand in FT tanks, andaminimum
of eight tanks of sufﬁcient volume to produce 500 smolts per tank,
for stocking in experimental sea cages (125m3 volume each cage).
The second requirement concerned production capacity for
experimental ﬁsh. Noﬁma requires ﬁsh of several sizes during the
year for small-scale experiments and to enable large-scale trials in
collaboration with the industry. The facility was required to pro-
duce up to 480000 Atlantic salmon smolts annually, ready for sea
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ransfer. The result of theproductionplanning to cover this require-
ent was to produce 200000 autumn under-yearling smolts (0+,
100g BW) for transfer to sea mid-August, and 280000 spring
earling smolts (1+, ∼150g BW) for transfer to sea in mid-March.
ater temperatures after ﬁrst-feeding were set to be 8–10 ◦C (1+)
nd 8–12 ◦C (0+), when dimensioning for this production.
.1.2. Maximal load situations and associated water qualities
A set of maximal load situations, in terms of daily feed load-
ng (kg feed/day/system), was identiﬁed from the requirements
Table 2). Subsequently, a minimum water quality that should
e maintained during the maximal load situations was decided
Table 2). These combinations of maximal load and water qual-
ty limits were used for design and dimensioning of the facility.
ater quality at maximum load was set to relatively strict limits
Table 2), to comply with Norwegian regulations (Directorate of
isheries, 2004), and to allow for a broad range of water qualities
n experimental designs.
Regarding CO2, chronic sub-lethal exposure in Atlantic salmon
as been shown to induce nephrocalcinosis, detected in ﬁsh
xposed to as low as 6mg/L CO2 (Fivelstad et al., 2003). Further-
ore, it has been recommended that the CO2 concentration should
e kept below 10mg/L during intensive smolt production, based
n ﬁndings from an extensive water quality surveillance program
NIVA, 2005). A design target of 10mg/L CO2 was therefore chosen
o allow for experiments at a broad range of CO2 levels. Regarding
mmonia, toxicity is inﬂuenced by e.g. water pH and temperature,
sh species, life-stage, feeding rate, and swimmingactivity (Ip et al.,
001;Wright and Fyhn, 2001; Terjesen, 2008), and extrapolation of
oxicity values between species and situations is difﬁcult. Studies
n long-term ammonia exposure of Atlantic salmon in freshwater
re few (Kolarevic et al., 2012a,b), and the topic should be further
tudied, especially interactions between ammonia and other com-
onents of RAS water chemistry, and since optimal TAN levels will
ave large impact onMBBRdesign anddimensioning. InNCRA, TAN
imits atmaximal feed loadingwere therefore set relatively low(e.g.
.7mg/L for RAS 1 or 2, Table 2) during dimensioning, to allow for
broad range of exposure concentrations.
.1.3. Overview of chosen solutions
The main outcome of the pre-project was to build a two-storey
uilding of 1754m2 (ground ﬂoor) and 553m2 (second ﬂoor) area
Figs. 1 and 2). At the ground ﬂoor, three small-scale research halls
with a total of 48, 0.5–3.2m3 tanks) were built, served by two
eparate RASs (RAS 1 and 2). A central water treatment room was
onstructed to house water intake, water pre-treatment (mixing,
eating, degassing), and RAS 1 and 2 equipment. Further, three
row-out halls were built (three, 100m3 tanks in each hall). Two of
hese halls were constructed with one RAS in each (grow-out halls
and 3), while one hall was built with FT only (grow-out hall 2).
he entry rooms to the halls, and the centralwater treatment room,
ere designed for biosecurity control with a central clean zone.
At the second ﬂoor a number of support components were
ncluded: control room (47m2), power distribution and control
ystems (37m2), rooms for ventilation systems and MBBR blowers
100m2), a wet-area for logistics (sorting and vaccination), includ-
ng feed distribution to the grow-out halls (156m2), a laboratory
or ﬁsh sampling and basic water quality analysis (42m2), meet-
ng room (39m2), and viewing corridors (93m2) with windows
owards grow-out halls and central water treatment.
Water pipes installed in the facility were of HDPEmaterial, with
ome use of PVC at the low-pressure side from Experimental halls
–3. All low-pressure pipes were dimensioned to maintain a mini-
um water velocity of 0.6m/s, to avoid sedimentation of biosolids.
o give experimental ﬂexibility in Experimental halls 1–3, a total ofngineering 54 (2013) 49–63 53
four water sources were installed to supply each tank (RAS 1, RAS
2, and two FT sources).
To control the water treatment systems in the facility and
log data, two programmable logic controllers (PLCs; NSJ8, Omron,
Kyoto, Japan) were installed together with electrical components
and wiring in 10 cabinets, in a temperature-controlled room
(∼15 ◦C) at the2ndﬂoor. The speedof allwater pumpsandmechan-
ical ﬁlter belts, except the booster pumps ahead of the O3 injectors,
were controlled by variable frequency drives (Varispeed series,
Omron), which received input from pressure or level transmitters,
via thePLCs. For control,monitoring and loggingpurposes, a human
machine interface (HMI) system was built (CX-Supervisor ver. 2.2.,
Omron), displayed on four monitors, and data logged usually each
ﬁfth minute. The system was made accessible externally via vir-
tual private network and remote desktop software. Alarm-systems
were included at two levels. Firstly, the PLCs were programmed to
send unspeciﬁc alarm-signals to the duty guard via a very high fre-
quency (VHF) radio system. Secondly, speciﬁc alarms (e.g. “low DO
in Tank 8 Exp. Hall 1”), were programmed to be sent from the HMI
using the global system for mobile communication (GSM).
3.1.4. Scaling and number of replicate RAS
Regarding the choice of the relatively large experimental ﬁsh
tanks and RASs, it has been shown previously that Atlantic salmon
grow faster in large versus small tanks (Boeuf and Gaignon, 1989).
Studies on the effects of tank and RAS bioﬁlter scale (e.g. volume),
on salmon growth and bioﬁlter kinetics, respectively, are ongoing
in a EU-FP7 Infrastructures project (Vandeputte and Reuver, 2011),
in which NCRA participates. Since growth rate inﬂuences a num-
ber of physiological mechanisms and nutritional requirements in
ﬁsh (e.g.Wood, 2001) a relatively large scalewas chosen for experi-
mental tanks andRASs in the facility, to ensure that relevant growth
rates were obtained. Regarding the number of independent RAS in
the facility (four), this was chosen as a consequence of the main
requirement, to study the physiological requirements of ﬁsh in a
RAS environment. Hence, the main study object was the ﬁsh, at
tank level, and the effects of changing water quality. In this type of
research, in contrast to technology studies, it was reasoned that a
single RAS, with treatments replicated at the tank level, provides a
more proper experimental design than using several replicate RAS.
Using a putative ammonia tolerance study in RAS as an example, a
single RAS will be able to provide the same basal water quality to
all experimental tanks and treatments, unlike if several replicate
RAS are used, due to RAS-to-RAS variation. The ammonia experi-
mental treatments can be set-up by dosing on the water inlet pipe
or to holding tanks just prior to each experimental tank, to reach
the intended treatment concentration. The TAN load in the return
line can be removed in the bioﬁlter, to generate control level TAN
concentration again in theMBBR outlet, by using a properly dimen-
sioned and calibrated MBBR. In this way, a similar water quality,
except the TAN level, can be obtained in all the experimental treat-
ments, unlike what will be the case if several replicate RAS were to
be used in the study.
3.1.5. Intake water sources
In the centralwater treatment roomfourmain intakepipeswere
installed (Figs. 1, 2 and 4B) named Sea water, Fresh 1 and 2, and
Backup (Fig. 4B), originating from the freshwater and sea water
central intake treatment facilities at Noﬁma Sunndalsøra, exter-
nal to NCRA. All sea water entering Noﬁma Sunndalsøra is ﬁltered
to 10m in disc microscreens (Hydrotech, Vellinge, Sweden), and
UV-irradiated at 45mJ/cm2 (Berson InLine 750, Berson Milieutech-
niek, Nuenen, The Netherlands). Annual temperature in the ground
freshwater (from three separate wells, 18–20m bore depth) was
found to vary between 6 and 9 ◦C, while the sea water varied more
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Fig. 1. 3D sketch of the NCRA facility. A, overview, without second ﬂoor and roof; B, viewed towards the grow-out halls; C, viewed towards the central water treatment hall
and experimental halls. Only the corridor section of the 2nd ﬂoor is shown. Drawing by Noﬁma, with components from AquaOptima (Trondheim, Norway) and 3S Prosjekt
(Molde, Norway).
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Fig. 2. 3D-sketch of NCRA, showing the main water treatment systems, tanks and piping. The actual constructed facility differs in minor aspects, such as oxygenation cones
and tank inlets being located behind the tanks in the grow-out halls, and that grow-out hall 1 also has side wall drains. Several details of the building and water treatment
have been omitted for clarity, such as the entire ground ﬂoor concrete and 2nd ﬂoor (except room ﬂoor for MBBR blowers), walls, concrete structures, ventilation, and piping
for grow-out hall 2. All of RAS 1 and 2, the pump sumps of grow-out halls 1 and 3, and the large holding tank, are situated at −1m relative to ground ﬂoor level. Drawing
developed by Noﬁma, AquaOptima (Trondheim, Norway) and 3S Prosjekt (Molde, Norway).
Fig. 3. Process ﬂow drawing of the RAS in the facility, exempliﬁed with RAS 2 (components are not drawn to scale). All other RAS in the facility follow the same concept.
Only three ﬁsh tanks are shown, out of the 48 tanks that can receive RAS 2 water. The moving bed bioreactor contains three chambers, and ﬂow to each can be regulated, but
ﬂow was typically only added at the head of the farthest chamber. Refer to Section 3.1.7 for description of components marked by numbers 1–12.
56 B.F. Terjesen et al. / Aquacultural Engineering 54 (2013) 49–63
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mig. 4. Leftmost panel (A), temperatures in raw seawater or groundwellwater. The p
rior to construction of the NCRA facility.
between 7 and 13 ◦C) due to a fairly shallow intake depth in the
unndalsfjord (40m) (Fig. 3A).
The ground well freshwater (Table 1) was found to have rela-
ively high ionic strength and pH, when compared to other sites in
orway (Kristensen et al., 2009). However, water chemistry in the
round water wells varied during the year, in particular conductiv-
ty, typicalmarine sediment ions, and pH (Table 1). One of the three
roundwaterwellswasmore inﬂuenced bymarine sediments than
thers (data not shown), which likely contributed to this variance.
Although all water sources are degassed at Noﬁma Sunndalsøra,
rior to entering the NCRA facility, a second degassing step (cas-
ade columns) were installed in the central water treatment room,
o improve security against gas super saturation. Since the ground
ellwater canbe relativelyhigh inCO2 (Table 1, 7.0±1.4mg/L), the
dditional degassing step was also installed to decrease CO2 levels
fmake-up and FTwater. Circular polyethylene degassing columns
f 2m height, 0.63m diameter were installed, with random pack-
ng of Nor-Pac rings (5 cm diam., Jaeger Environmental Products,
ouston, TX, U.S.); however, these degassers did not include spray
ozzles or countercurrent air blowing. CO2 in the degasser efﬂu-
nt water was monitored with the Oxyguard analyzer in one of the
olding tanks between June and August 2011; the CO2 concentra-
ion averaged 2mg/L at a ﬂow of 200–300L/min, temperature of
3.5±1.2 ◦C, and pH of 7.1±0.2.
A ﬁfth intake pipe, supplying hotwaste-waterwas installed by a
ocal company (Sunndal Energi, Sunndalsøra, Norway) to distribute
ater containingexcessheat generatedat anearbyaluminumplant
delivered at 85±3 ◦C according to the supplier). This waste-water
as utilized at three locations in NCRA; (1) in a heat-exchange sys-
em in the centralwater treatment room, for heating FT ormake-up
ater (sea or freshwater), (2) in the ventilation room at the 2nd
oor for temperature control of the intake air to RAS CO2 degassers
to15 ◦C), and (3) forheatingair in the standardventilation systems.
or use in FTorRAS, thewaterwaspumped througha two-step tita-
ium heat exchanger system (GEA Ecoﬂex, Sarstedt, Germany), sit-
ated in the upper right corner of the centralwater treatment room
indicated by a grey box in Fig. 2). Thewaste-heatwaterwas passed
hrough theﬁrst exchanger only,which carried the energy at a tem-
erature of 28 ◦C in a closed circuit to a second, larger exchanger,
hich exchanged heat with the FT or RAS make-up water intended
or the ﬁsh (6–9 ◦C inlet, target outlet temperature 12 ◦C). The
equired temperature was maintained by a PLC (Siemens, Munich,
ermany), controlling two motor-valves that regulated the ﬂow
ast the last exchanger. The heat-exchanged water ﬁnally entered
degasser (2m height), to limit gas super-saturation of the water.
erformance of this waste-heat system was evaluated over two
eriods. Firstly, the systemwas set to control theoutlet to13 ◦C, and
onitored for a week, with recordings each 5min. Secondly, in anto the right (B) shows intake pipes (315–400mmHDPE) andwater sources installed,
experiment using FT or RASwater for Atlantic salmon parr (“Exper-
iment 2” above), the temperature of the FT water (150–450L/min)
was set to the prevailing RAS 1 temperature and the relative dif-
ference between the systems was evaluated over 16 weeks. In the
ﬁrst test, the waste-heat system maintained 12.9±0.1 ◦C (n=882)
in the sump below the degasser, subsequent to the heat-exchange
system. In the second test, the FT heat-exchange system showed a
mean temperature of 13.9±0.7 ◦C (n=35733), close to that of RAS
1 (13.8±0.8 ◦C, n=35735), and deviated from RAS 1 by 2.4±2.4%
(treated as positive numbers, irrespective of direction of deviation).
Maximum deviation was 63%, due to a water level alarm in a RAS
1 pump sump that necessitated the use of cold make-up water
for some hours, before personnel was able to adjust the FT tem-
perature. In conclusion, the heat-exchange system is adequate for
providing water with stable temperature to experiments, as long
as the required temperature is above that of the inlet water.
The backup water source was designed to provide either
river surface water (subject to biosecurity restrictions), ground
well water, sea water, or turbine/cooling water from a nearby
hydropower plant. When used for emergency purposes the backup
water source was installed directly to all nine 100m3 tanks in the
grow-out halls (pipes not shown in Fig. 2), bypassing pumps and
RASs, thereby improving safety in case of equipment failure or if
the emergency power generator (1250kVa) should malfunction. In
contrast, the sea water, fresh 1 and fresh 2 intake sources, were
supplied as RAS make-up water or directly as FT to the experi-
mental tanks, following degassing, pumping and oxygenation. The
turbine/cooling water source was installed due to its low temper-
ature (<4 ◦C for several months annually), to provide cooling for
the CO2 degasser air temperature control system and for the other
ventilation systems at the 2nd ﬂoor.
To be able to use sea water, and to prolong pump service life,
all pumps were dismantled prior to installation and the compo-
nents in direct contact with water treated with a ceramic coating
(Chesterton, Woburn, MA, USA).
3.1.6. FT systems
All tanks in Experimental halls 1–3 were built for RAS or FT
mode, and designed so that either of four water sources could be
chosen at random (pipe selection shown in Fig. 5B). The required
FT water ﬂow rate to halls 1–3 was estimated according to Exper-
iment 1 (0.9m3/min), and a centrifugal pump (nominal 2m3/min,
12m head, 5.5 kW, ITT Flygt, Sundbyberg, Sweeden) was thus
installed at each of the smaller holding tanks. Grow-out hall 2,
however, was conﬁgured as a FT system only, for comparisons
with RAS at a larger scale. Other than the lack of RAS in grow-out
hall 2, the design of the equipment was similar to that of grow-out
halls 1 and 3, except that side wall drains were not included.
B.F. Terjesen et al. / Aquacultural E
Fig. 5. Tanks, inlet andoutlet piping in the experimental halls. A:Overviewof Exper-
imental halls 1 and 2 tanks. Letters B and C in red color indicate position of Figs. 5B
and C below.
B: Clean-outs were installed for each tank (below the four valves), so that pipes
can be cleaned before use. Following oxygenation, water enter the tanks (inlet not
shown). C: Four outlets in the concrete ﬂoor below the tanks can be chosen for each
tank. The FT water sources go to a common outlet, while the three other outlets are
for RAS 1 or RAS 2 returns, and a return to either RAS 1 or 2. As explained in the text,
this design was chosen to handle several different experimental tank assignments
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ﬂithout too low (<0.6m/s) or too high pipe water velocity (>1.5m/s).(For interpre-
ation of the references to color in this ﬁgure legend, the reader is referred to the
eb version of the article.)
row-out hall 2 was built for sea or fresh water FT supply from
ither of the holding tanks in the central water treatment room,
nd oxygenation via down-ﬂow bubble contactors (AquaOptima,
rondheim, Norway). The required FT water ﬂow to grow-out
all 2 to maintain 150000 salmon up to 100g/ind, at 11 ◦C, was
.7m3/min, calculated according to Lekang and Fjæra (1997). This
ow ﬂushes the culture tank volume approximately once everyngineering 54 (2013) 49–63 57
hour. Two centrifugal pumps (ITT Flygt) were installed for this
purpose, each rated to a nominal 4m3/min at 13m head (16kW).
3.1.7. RAS design overview
The reuse systemswere installed in the central water treatment
room (RAS 1 and 2), and in the grow-out halls 1 and 3 (Figs. 1–3).
The purpose of RAS 1 or 2 were experiments on smaller sized ﬁsh
(0–200g BW) and production of experimental ﬁsh to transfer to
grow-out halls at ∼7g BW. In the central water treatment hall, RAS
1 and 2 equipment was installed at −1m relative to ground level.
In the grow-out halls however, only the microscreen and the pump
sump after the degasser, was situated at −1m.
Each of the RASs in the facility was built with the following
main equipment parts, in the ﬂowdirection starting from the tanks
(refer to numbers in circles in Fig. 3): (1) octagonal experimen-
tal ﬁsh tanks in glass-ﬁber reinforced plastic (GRP; Namdalsplast,
Namdalseid, Norway) in the experimental halls or aluminum in
the grow-out halls (AquaOptima, Trondheim, Norway), (2) parti-
cle trap in the tank center and swirl separators outside the tanks
(AquaOptima Eco-trap, e.g. Losordo et al., 2000), (3) side wall
drain (AquaOptima) as applied in Cornell-type dual-drain tanks
(Davidson and Summerfelt, 2004), (4) O3 supplementation on a
side-stream, added to the return line before the belt ﬁlter (Ozo-
nia CFS-14 2G generator, Degremont Technologies, Dübendorf,
Switzerland; Mazzei GDT 60g or 300g O3 injectors, degas separa-
tors, andO3-destruct units, Bakersﬁeld, CA, US, andonline Sensorex
8000CD ORP probes), (5) microscreen belt ﬁlter (Salsnes SFK 400
in RAS 1 and 2 and SFK 600 in grow-out halls, Salsnes, Norway)
with infrasound level control (Vegason 61, Vega, West Sussex,
U.K.), (6) pre-bioﬁlter pump sump fabricated in GRP (AquaOp-
tima) with three 1.5–7.5 kW centrifugal pumps (ITT Flygt, nominal
0.75–4m3/min each, at 6mhead, level controlled speed), (7) three-
chambered moving bed bioreactor (Kaldnes MBBR with Bioﬁlm
Chip P, 900m2/m3 area, KrügerKaldnes, Sandefjord, Norway), (8)
forced-ventilated cascade aeration column in GRP (AquaOptima)
with countercurrent temperature-controlled air supply, (9) alka-
linity dosing system, dosing into the microscreen pump sump
(Iwaki EHE or EW, Tokyo, Japan), and with online pH electrodes
in degasser pump sump (Sensorex 8000CD with solution ground
and ampliﬁer), controlled by a Walchem WDP 320 (Holliston, MA,
U.S.). Furthermore, RAS 1 and 2 pH probes were equipped with
automatic cleaning systems; a water jet programmed to ﬂush the
probe each tenth min (Storvik, Sunndalsøra, Norway, described in
Kolarevic´ et al. (2011)), (10) post-bioﬁlter pump sump fabricated
in GRP (AquaOptima), with three 3–15kW centrifugal pumps (ITT
Flygt, nominal 0.75–4m3/min each, at 12–13mhead, pressure con-
trolled speed), (11) online ﬂow-meters on make-up and reuse ﬂow
(for RAS 1, 2, Sitrans FM Magﬂo, Siemens, Munich, Germany), (12)
oxygenation system with downﬂow bubble contactors (AquaOp-
tima) and DO-controller with online probes (DO6441, Sensorex), at
the return line close to the culture tanks; one contactor and one
control circuit were used for each culture tank.
In the experimental halls 1–3, clean-outs were installed from
each of the four inlet pipes above the tanks, to enable ﬂushing of
little-usedpipes (Fig. 5B). Thewater exited theexperimentalhalls 1,
2 and grow-out hall tanks at three locations (partly shown in Fig. 5);
center drain, center particle drain, and side wall drain, the latter
dimensioned tohandleup to50%of the total tankﬂow.On theoutlet
side, four pipes were installed in the ﬂoor below each tank, with a
quick-lock mechanism to connect the hose from the tank to the
chosen return line (Fig. 5C). These four returns and pipe diameters
were (1) to RAS 1, 90mm, (2) to RAS 2, 90mm, (3) to either RAS 1 or
2, 110mm, and (4) to FT discharge, 90mm. The conﬁguration with
three return pipes for RAS 1 or 2 from each tank was built because
treatments for the RAS tanks had to be assigned at random, but
water velocity within pipes still had to be kept between 0.6 and
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.5m/s, even if one, two or three tanks at a tank row was random
ssigned to return to the same RAS.
Oxygen was supplied by an external liquid oxygen (LOX) tank
6m3), and a distribution net built into the facility to each hall,
s well as the O3-generator. In each ﬁsh tank, up to four plate
xygen diffusers were installed (Idema Aqua, Sagvåg, Norway) for
mergency purposes, and the PLCs programmed to open at <70%
2-saturation. In addition, the system was programmed to open
or 1min, four times a day, to reduce clogging of the diffuser plates.
Except the tank bottom and pump sumps in grow-out halls 1
nd 3, no components of the RASs required concrete structures for
nstallation. Instead, process units were built as stand-alone units,
o make it possible to replace or modify the equipment at a later
tage.
.1.8. Dimensioning of TAN and CO2 removal
Although the facility was made ready for sea water, by e.g. use
f corrosion resistant materials, the dimensioning of TAN and CO2
emoval (Table 3, RAS 1) was only valid for freshwater. Thus, a
ecreased nitriﬁcation rate (Chen et al., 2006) and CO2 removal
fﬁciency (Moran, 2010) is expected during experiments with sea
ater. RAS1and2weredesigned such that both systemscould sup-
lywater to each experimental tank, irrespective of whether it was
nExp.Halls 1, 2, or 3.However, each individual RASwas required to
upply 15 tanks in only Exp. Hall 1 or in only Exp. Hall 2, at the same
ime. Exp. Hall 3 was designed for low biomass experiments and
ad only minor impact on dimensioning. For dimensioning of TAN
emoval in RAS 1, a production of 46g TAN/kg feed was assumed,
alculated froma feedof∼50%crudeprotein, assumingdigestibility
nd excreted nitrogen as outlined by Timmons and Ebeling (2007).
he outlet TAN concentration from each MBBR chamber was used
or calculating the nitriﬁcation rate in the chamber (Drennan et al.,
006), rather than the inlet or an average TAN. A total carriermedia
olume of 10.5m3 was therefore installed for RAS 1 or 2, to remove
daily TAN production of 2083g, and maintain a maximum of
.7mg/L TAN in the ﬁsh tanks. This media volume was divided
qually (3.5m3 each) over the MBBR chambers, and suspended at a
0%ﬁlling factor, giving a totalMBBR volume of 21m3 (divided into
hree chambers of 7m3 each). Thus, the entire MBBR was designed
ith a mean TAN removal rate of 0.22 g TAN per day per square
eter of media. The resulting MBBR outlet TAN concentration was
ssumed to be 0.06mg/L, which then entered the ﬁsh tanks again,
esulting in a required single pass TAN removal efﬁciency of 92%.
equired system ﬂow rate to maintain 0.7mg/L TAN in the tanks,
t maximum load, was calculated to be 2.2m3/min, giving a MBBR
ydraulic retention time (HRT) of 5min at full ﬂow.
For dimensioning of the CO2 degasser, a total daily production of
9 kg CO2 for RAS 1 was estimated for the maximum load situation
Tables 2 and 3). In this calculation an RQ (MCO2/MO2, respiratory
uotient) of 0.85was used (Kieffer et al., 1998). This RQmay vary as
he contribution of the different nutrient classes to energy dissipa-
ion in theﬁshvaries. TheMBBRmayalsoproduceCO2 (Summerfelt
nd Sharrer, 2004) or strip CO2 (depending on aeration levels), and
nﬂuence the RQ when calculated for the whole system, but this
as not accounted for. In the dimensioning of the CO2 degasser, a
andom packing of 5 cm diameter media (Nor-Pac) was used, and
arameters as in Table 2 (Summerfelt et al., 2000). The required
imensions for the CO2 stripper were found to be 1.6m packing
eight, over 1.5m2 plan area, and a hydraulic loading rate (HLR)
f 0.025m3/s/m2. In the distribution plate, XF Crown nozzles (LS
ntreprises, Fort Myers, FL, USA) were installed at a density of 31
ozzles/m2. The degasser was assumed to keep the CO2 concen-
ration in the degasser efﬂuent below 2.2mg/L, to maintain less
han 10mg/L CO2 in the ﬁsh tanks, i.e. a single pass removal efﬁ-
iency of 78%. Such a high efﬁciency required, in the calculations,
minimum of ﬁve volumes of air to be passed countercurrentngineering 54 (2013) 49–63
to each volume of water. Although tested at 20mg/L CO2 inlet
concentration, comparable removal efﬁciencies have been mod-
eled previously (Summerfelt et al., 2000). Despite showing higher
removal efﬁciencies, randompacking in CO2 strippers give a higher
risk of clogging than structured packing (Summerfelt et al., 2003).
To reduce the risk of clogging, a conservative HLR was used in the
facility (0.025–0.035m3/s/m2), and the degassers were designed
with three layers of packing, and access in front for replacement or
cleaning.
Dimensioning of the RASs in grow-out halls 1 and 3 followed
similar principles. A lower TAN load per kg feed was assumed
(40gTAN/kg feed,∼43% crudeprotein), since optimumdietarypro-
tein/energy ratios are inversely related to body weight in Atlantic
salmon (Einen and Roem, 1997), and larger ﬁsh was intended for
grow-out halls 1 and 3 than in RAS 1 and 2. A maximum feed-
ing rate of 303kg/day/system was used in the calculations, and
300m3 culture tank volume per system (for either grow-out hall
1 or 3). A higher tank TAN concentration (1.0mg/L) at maximum
load was allowed for the grow-out halls. A three-chambered MBBR
was installed in both grow-out halls 1 and 3, each with a media
volumeof 9.5m3 per chamber, 28.4m3 in total, resulting in awater-
ﬁlled reactor of 57m3. Thus, these two MBBRs were designed to
remove on average 0.47g TAN per day per square meter of media.
The outlet TAN concentration from the reactor was calculated to be
around 0.33mg/L, indicating a required single pass removal efﬁ-
ciency of 67%. A system ﬂow rate of 12.4m3/min was calculated to
be needed to maintain 1mg/L TAN in the tanks. Regarding CO2, it
was calculated that a daily amount of 124kgCO2 had to be removed
from either grow-out hall 1 or 3. This was found to necessitate a
cascade column of 1.5m packing height (random packing), over a
7.4m2 distribution plate area (0.027m3/s/m2 loading rate), and a
5:1 air:water forced ventilation. Required unit process water ﬂow
for CO2 removal was 12.1m3/min, and this dimensioning required
a 75% CO2 removal efﬁciency. In the water distribution plate, noz-
zles (XF Crown, LS Enterprises) were installed at a density of 32
nozzles/m2.
3.1.9. Dimensioning and design of other components in the
facility
Three 2.2 kW blowers (Ventur MSB-2-355/102-220T, Ventur
Tekniska, Gothenburg, Sweden) were installed at the 2nd ﬂoor
for forced air ventilation of the CO2 degassers. The blowers were
placed subsequent to the air-intake and temperature control
exchanger, dimensioned to bring the air to 15 ◦C, from an annual
range of−15 to +25 ◦C. Air-ducts lead air to all four CO2 degassers in
the facility. The blowers had a rated total capacity of 335m3/min,
against a 19 cm back-pressure, i.e. sufﬁcient for running all RAS at
full water ﬂow at a G:L (gas: liquid) ratio of 10. To further ensure
efﬁcient air–water exchange, two suction blowers with a capacity
of 25m3/min at 3 cm back-pressure (Systemair P25/4, 0.37kW,
Systemair, Skinnskatteberg, Sweden), were installed in the roof
above RAS 1 and 2, and another two suction blowers of 80m3/min
at 2 cm back-pressure (Systemair P30/4, 1.5 kW) were installed in
the roof above each of the grow-out hall CO2 degassers, and the air
vented out of the facility.
For mixing the MBBRs with air-entry at 3.5m depth, two side-
channel blowers were installed (Busch Samos SB1100D2, 14kW,
Busch, Maulburg, Germany), each with capacity of 12m3/min, suf-
ﬁcient to supply the required air for RAS 1 and 2 MBBR (total
of 4.5m3/min at 3m depth) and grow-out halls 1 and 3 MBBRs
(total of 14.3m3/min at 3.5m depth), running at the same time.
The air-entry at depth in the MBBRs generated N2-gas super-
saturation. Measured in the microscreen inlet of RAS 2, i.e. prior to
the MBBR, N2-gas saturation averaged 95%; however, when exiting
the MBBR, N2-saturation had increased to 105%. After passing the
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Fig. 6. Individual weight (mean± SD, n=3–4 tanks), and water temperature during
rearing of Atlantic salmon parr and smolt in NCRA (Trial 1). In addition, predictions
based on growth rate tables (body weight, temperature) for Atlantic salmon from a
feed supplier (Skretting, 2007, upper boundary of shaded area), and Austreng et al.
(1987, lower boundary), are shown. The predictions were made using growth rates
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Fig. 7. System total feeding rate, TAN and NO2-N concentrations during the rearing
of Atlantic salmon parr and smolt in NCRA shown in Fig. 6 (Trial 1). Water samplest the average daily water temperatures between sampling points for BW, and Q10
f 2.2 (Skretting, 2007) or 2.7 (Austreng et al., 1987) to adjust the rates from the
losest tabulated temperature.
orced-ventilated cascade aeration column however, N2-gas satu-
ation was brought back to an average of 101%.
One O3 generator was installed to supply gas to four venturi
njector skids, one skid per RAS. Each skid contained a venturi
njector, ﬂash mixer, degas separator, and an O3 destruct unit. The
ow of the ozonated oxygen gas mixture to the skid was regu-
ated by magnetic valves (Asco SCE272A049NVS3, ASCO Numatics,
aris, France), receiving open/close signals from the ORP probes,
ia the central PLCs. The ORP set-point was made adjustable in the
MI, and was usually set to 270mV (open) and 275mV (close).
ach skid was installed subsequent to either a 2.2 kW booster
ump (ITT Flygt) of nominal 0.23m3/min at heads of 33m (RAS
, 2), or 53m (grow-out halls), on a 2–10% side-stream with entry
efore the microscreens (Fig. 3). The O3 generator had a capacity
f 17.5 kg O3/day. Given a peak feeding rate of 697kg/day for the
hole facility (excluding grow-out hall 2), this generator was suf-
cient to maintain 0.025kg O3/kg feed as reported by Summerfelt
t al. (1997) to reduce TSS, nitrite, and color in RAS for rainbow
rout.
.2. Facility performance
.2.1. Trial 1: Evaluation of growth rate of Atlantic salmon parr
eared in NCRA (Trial 1)
The ﬁsh density when Trial 1 started in Experimental hall 1/RAS
, was 10kg/m3. As rearing progressed, ﬁsh density increased
o 22kg/m3, and the cohort was split into another three 3.2m3
anks (i.e. a total of six tanks) at day 30 after initial stocking.
rowth during the initial 3 weeks post stocking (2.4%/day) lagged
ehindweight predictionsmade frompublished growth rate tables
Austreng et al., 1987, 2.8%/day) or more recent growth rate esti-
ates stated by feed manufacturers, based on a report system
rom the salmon farming industry (Skretting, 2007, 3.4%/day) (grey
haded area in Fig. 6). However, after the split into more tanks at
ay 30, growth increased (2.8%/day) and became comparable to
he individual weight predictions based on Austreng et al., 1987,
.7%/day) or Skretting (2007, 2.9%/day) (Fig. 6). This situation per-
isted until the 2nd vaccination at Day 97, when the measured
ndividual weights became less than predicted. However, it should
e noted that the growth rates found by Austreng et al. (1987),
o not account for effects due to vaccination. In addition to thefor analysis were collected from the degasser sump of either RAS 1 or grow-out hall
1 RAS.
described ﬁsh cohort, other groups of Atlantic salmon parr were
also reared in RAS 1-connected tanks at this time. Thus, the total
feed loading on RAS 1 increased from 5 to 20kg feed/day during
the studied period in this system (Fig. 7). During Trial 1 in RAS 1,
the average recycled ﬂow rate was 968±334L/min, and make-up
water 30±12L/min, giving a recirculation rate of 96.9±0.6% based
on ﬂow, and a daily water volume exchange rate of 81.1±4.6%. At
day 58 (at 51kg/m3 density) the ﬁsh were transferred from RAS 1
and Experimental hall 1 to the grow-out hall 1 RAS, and stocked
into a 100m3 tank (initial density 5kg/m3). During this transfer
period, feed ration was decreased, based on observations of feed
spill in the swirl separators, and then slowly increased. A similar
drop in daily feed ration was done at Day 97 and at Day 129, during
vaccination and when a second cohort was stocked into grow-out
hall 1, respectively. The maximal feed loading on grow-out hall 1
RAS during Trial 1 was 33kg/day. Hence, the load on the system
was only a fraction of dimensioned capacity, both in terms of feed
capacity and water exchange rate. However, due to the e.g. vacci-
nations, the feed loading was quite variable during the trial, which
can present a challenge in RAS tomaintain the requiredwater qual-
ity (Emparanza, 2009). Ammonia and nitrite levels therefore varied
(Fig. 7), especially in the period between Day 50 and 77 for NO2-N.
This period was associated with the transfer of the ﬁsh into grow-
out hall 1 RAS, and the MBBR may not have been fully prepared for
this increased biomass, despite the slowly increased feed loading,
resulting in the higher NO2-N. During other periods of Trial 1 how-
ever, the TAN andNO2-N levels werewell below required levels set
during dimensioning. The ﬁsh were reared in grow-out hall 1 until
transfer to sea cages at day 135 (ﬁnal density 18kg/m3). In conclu-
sion, this trial demonstrated that Atlantic salmon parr could attain
maximal growth rates in the facility, a prerequisite for providing
industry-relevant data during experiments.The HMI SCADA systems proved useful during start-up of the
facility and in Trial 1. Firstly, malfunctions in the facility could
be rapidly localized and rectiﬁed since system-speciﬁc alarm texts
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Fig. 8. A: Culture tank outlet TAN and CO2 concentrations at the different system
feed loadings in Trial 2. B: TAN areal removal rates versus RAS 1 MBBR efﬂuent TAN
concentrations, obtained at the three feed loadings in Trial 2, calculated fromTable 40 B.F. Terjesen et al. / Aquacult
ere sent via GSM to the duty guard, which is not feasible with-
ut a HMI SCADA. This feature will also be useful for commercial
roduction facilities. The data logging feature provided by the HMI
CADA however, although useful also in commercial operations,
roved particular advantageous in a research facility like NCRA,
ince experimental data such as ﬂow rate, temperature and O2-
aturation could be collected at high resolution during the trial and
ith a low failure rate.
.2.2. Evaluation of system water quality and treatment
fﬁciencies at maximal load (Trial 2)
During the 3-week long build-up of feed loading, prior to
he sampling for water quality started, RAS 1 water tempera-
ure was maintained at 11.2±0.7 ◦C, and pH at 7.27±0.03 (data
rom online probes in the degasser sump). Recycled ﬂow rate was
137±80L/min, and make-up water ﬂow rate 24±8L/min, i.e.,
7.9±0.7% of the ﬂow was recycled. Total system volume of RAS
during this period was 57.8m3, and the daily system volume
xchange rate thus 59.1±19.5%,with amean systemHRT of 2 days.
hen, at Day 20 after stocking, the ﬁsh (now 4.6 g/ind) were split
rom 9 into 15 tanks, the maximum dimensioned culture volume
or RAS 1 (Table 3), and fed a total of 42kg/day. Analyses of the
eed sampled at four times during the 39 days long trial showed
hat itwas composed of (“as is”, average± SD): 952±4g drymatter
er kg feed, 502±9g crude protein per kg, 194±2g crude fat per
g, 110±4g ash per kg, and had an energy level of 21.8±0.1MJ
er kg. The ﬁrst water quality and treatment efﬁciency sampling
as done at Day 21 (42kg feed/day), and the second at Day 27
49kg/day).Due toamistake, feedingwasnotdoneatDay31, and to
void sampling from a possibly unstable system, the next sampling
as postponed until Day 39 (61kg/day) (Table 4). Averaged for the
hole testing period of Trial 2, the temperature was 13.4±0.2 ◦C,
H 7.16±0.01 (from online probes in the degasser sump), recy-
led ﬂow rate was 1964±15L/min, and make-up water ﬂow rate
1±0L/min, i.e., 99.4±0.0%ﬂowrecirculation. Increasingﬂowrate
o 2200L/min, as required from dimensioning (Table 3), was not
ttempted because it was found that the microscreen would likely
ot operate properly (i.e. it requires regular stops of the belt screen
oaccumulate aparticlemat), above∼2000L/min. Total systemvol-
me of RAS 1 during Trial 2 was 76.9m3, resulting in a daily system
olume exchange rate 20.6±0.0%, i.e., a systemhydraulic retention
ime of ∼5 days.
As the total daily feed loading increased during Trial 2, so did
he concentrations of several compounds, at most of the sampled
ocations in RAS 1, such as CO2, TAN, nitrate, nitrite, and COD,
hile tank outlet pH decreased (Table 4). It is noteworthy, how-
ver, that neither the CO2 nor TAN increased to concentrations
bove the water quality limits set for the maximal load situation
Table 2), before 134% of theoretical feed capacity was reached at
ay 39, as shown in Fig. 8A. At this time, TAN in the tank outlet was
.69±0.05mg/L (Table 4, Fig. 8A), i.e. similar to the limit for RAS 1
f 0.7mg/L (Tables 2 and 3), and the outlet concentration for CO2
as 9–11mg/L, compared to a limit of 10mg/L (Table 4, Fig. 8A). In
ontrast, the systemcould not keep nitrite at the limit of 0.1mg/L in
he tank outlet, at any time during Trial 2, and averaged 0.22mg/L
O2-N. The reasons for these higher than designed nitrite concen-
rations are unclear. However, sub maximal oxygen concentration
n the bioreactor, which may lead to nitrite accumulation (Chen
t al., 2006), is unlikely to explain the disagreement. TheMBBRwas
eavilymixed by aeration andwater left the culture tanks at amin-
mum of 8.6mg/L O2 (Table 4), from where the water was quickly
eturned to mechanical ﬁltration and the MBBR. It is noteworthy
owever, that the nitrite concentrationwas stable throughout even
t increased feed loading (Table 4), suggesting that the nitrite lev-
ls were not due to an incompletely matured bioﬁlm leading to a
ransient spike. The chloride concentrationwas 111mg/L at Day 39data and standardized to 14 ◦C, using a temperature correction constant  of 1.09
(Rusten et al., 2006). Included is also the predicted removal rate according to Rusten
et al. (2006), adjusted to 14 ◦C (dashed line and equation).
(Hach Digital Titrator, method 8207), resulting in a Cl:NO2-N ratio
of 505:1, which should protect Atlantic salmon parr from adverse
effects of nitrite, such as growth rate reductions and nitrite plasma
accumulation (Svobodováet al., 2005;Gutierrez et al., 2011).Nitrite
removal in MBBRs for aquaculture applications should be studied
in more detail, to obtain better agreement between planned and
actually measured nitrite levels.
The reason that the TAN and CO2 limits used in dimensioning
werenot reachedbefore feedingat134%of theoretical capacitymay
be related to (1) the model used for ﬁsh TAN and CO2 production
(Timmons and Ebeling, 2007) overestimated the actual excreted
TAN and CO2, or (2) the RAS was over-dimensioned in terms of
TAN and CO2 removal capacity. In terms of the latter alternative,
the TAN and CO2 removal efﬁciencies were 84–89% and 57–67%,
respectively (Table 4). In the case of TAN, these removal efﬁciencies
are comparable to the required removal efﬁciency of 92% used in
dimensioning (Table 3), but much higher than reported for MBBR
systems previously (Rusten et al., 2006), and as high as achieved
with ﬂuidized-sand bioﬁlters that are used in trout and salmon
systems (Summerfelt, 2006). The MBBR in RAS 1 was designed to
provide a mean TAN removal rate of 0.22 g TAN per day per square
meter of media. However, at the three feed loadings tested in Trial
2, the actual areal nitriﬁcation rate ranged from 0.08 to 0.153g TAN
per day per square meter of media, as calculated from water ﬂow
rate times the change in TAN across the MBBR divided by the total
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Table 4
System parameters, water quality, and treatment efﬁciencies in Trial 2, during different daily feed loadings.
42kg feed/day (93% of capacity)a 49kg feed/day (108% of capacity) 61kg feed/day (134% of capacity)
Treatment unit Parameter Unit Inﬂuent Efﬂuent TE (%)b Inﬂuent Efﬂuent TE (%) Inﬂuent Efﬂuent TE (%)
System
Recycled ﬂow L/min 1973±4 – – 1974±4 – – 1936±3 – –
Make-up ﬂow L/min 11±0 – – 11±0 – – 11±0 – –
Recirculation % 99.4±0.0 – – 99.4±0.0 – – 99.4±0.0 – –
Daily water exch. % 20.6±0.0 – – 20.6±0.0 – – 20.6±0.0 – –
Culture tank
Tank ﬂow L/min – – – – – – 142.1±0.9 – –
Ind. weight g/ind 4.56 – – – – – 9.37±1.15 –
Fish density kgm3 24 – – – – – 48.4±7.4 -
Temperature ◦C 12.9±0.1 12.8±0.0 – 13.6±0.0 13.6±0.0 – 14.3±0.0 14.1±0.0 –
pH 7.49±0.01 7.14±0.07 – 7.41±0.01 7.02±0.05 – 7.43±0.02 6.75±0.04 –
Alkalinity mg/L 32±4 28±2 – 33±4 33±2 – 36±0 39±6 –
Conductivity uS cm−1 580±1 – – 867±3 – – 1297±2 – –
CO2 (probe)c mg/L 1.0±0.0 4.5±0.9 – 2.0±0.0 5.3±1.2 – 2.2±0.3 9.2±1.0 –
CO2 (TIC)d mg/L 1.5±0.1 3.2±0.8 – 1.9±0.1 5.0±0.5 – 2.8± 10.8± –
TAN mg/L 0.03±0.00 0.29±0.10 – 0.04±0.00 0.40±0.04 – 0.10±0.02 0.69±0.05 –
O2e % sat. – 89.9±3.2 – – 90.7±0.4 – – 86.7±1.0 –
Microscreen
Temperature ◦C 12.8 12.8 – 13.7 13.6 – 14.3 14.1 –
pH 7.06 7.15 – 6.98 6.98 – 6.87 6.75 –
Conductivity uS cm−1 576 – 867 – 1302 –
TSS mg/L 3.1 1.3 58 2.5 0.8 68 4.0 2.9 28
Turbidity NTU 0.80 0.81 – 0.39 0.45 – 0.91 0.80 –
COD mg/L 14.9 14.9 – 17.7 17.5 – 24.5 24.1 –
MBBR
Temperature ◦C 12.8 12.8 – 13.7 13.6 – 14.3 14.1 –
pH 7.09 7.11 – 6.99 7.04 – 6.90 6.78 –
Alkalinity mg/L 32 32 – 36 28 – 44 36 –
Conductivity uS cm−1 582 – 870 – 1299 –
TAN mg/L 0.31 0.03 89 0.37 0.04 89 0.62 0.10 84
NO2-N mg/L 0.22 0.25 – 0.22 0.22 – 0.08 0.19 –
NO3-N mg/L 26.1 26.4 – 51.1 46.2 – 85.3 86.2 –
CO2 (TIC) mg/L 4.1 3.6 14 5.8 4.6 21 8.4 7.7 8
COD mg/L 15.8 13.2 – 17.5 17.4 – 23.4 28.0 –
Degasser
Temperature ◦C 12.8 12.7 – 13.7 13.6 – 14.3 14.1 –
pH 7.04 7.51 – 6.97 7.40 – 6.92 7.19 –
Alkalinity mg/L 26 26 – 34 30 – 32 36 –
Conductivity uS cm−1 580 – 870 – 1298 –
CO2 (probe) mg/L 4.5 1.5 67 4.7 2 57 8 3 63
CO2 (TIC) mg/L 4.3 1.3 69 4.9 2.4 50 6.5 3.5 47
a Percentage of theoretical capacity calculated from Tables 2 and 3; 45.4 kg/day is 100% of theoretical capacity.
b Apparent treatment efﬁciency, TE (%) = (Cin −Cout)×100/(Cin), where Cin is concentration in the inlet to the treatment device, and Cout is the outlet concentration. For the
degasser, the outlet concentration refers to samples taken in the pump sump.
c Measured using an Oxyguard CO2 Portable analyser (Birkerød, Denmark).
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cd Calculated from TIC concentration, pH, and temperature, and using carbonate
TIC) concentration for only one tank is reported due to analytical difﬁculties.
e % O2-saturation in the tank is the average± SD of readings each ﬁfth minute du
edia surface area. The areal nitriﬁcation rates reported here were
imilar to the areal rates for three types of MBBR media evaluated
y Pfeiffer and Wills (2011) at a low feed loading in 12ppt brack-
sh water at 25 ◦C, but approximately half of the areal nitriﬁcation
ate that Pfeiffer and Wills (2011) reported at a high feed load-
ng. The present areal nitriﬁcation rates were comparable to the
ates reported by Rusten et al. (2006), but as shown in Fig. 8B, the
easured removal rates were higher at the lowest efﬂuent TAN
oncentrations, than predicted from Rusten et al. (2006). This high
emoval at low concentrations may have contributed slightly to
he lower than expected TAN culture tank levels at the theoreti-
al maximal feed capacity, since the MBBR efﬂuent and tank inlet
AN (Table 4) was lower than predicted (Table 3) at the two ﬁrst
ampling points. Regarding CO2, a removal efﬁciency of 78% was
ssumed in thedimensioning for the forced-ventilated cascade aer-
tion column with 1.6m packing depth, but only 57–67% (probe)
r 47–69% (CO2 calculated from TIC) was observed at an inlet CO2
oncentration of 4.3–8.0mg/L (Table 4). However, it was observedconstants in Summerfelt et al. (2001). At the 61kg feed/day sampling point, CO2
e sampling periods (09:30–11:00h).
that the MBBR also removed some CO2 (Table 4), at an efﬁciency of
8–21%. As a consequence, the total system CO2 removal efﬁciency
was as expected 71–83% until 135% of theoretical feed capacitywas
reached, when it had declined to 55%.
The unit removal efﬁciencies are therefore unlikely to be the
main reason for the observed deviation between theoretical and
actual daily feed capacity, in terms of tank outlet TAN or CO2 con-
centrations. However, the model by Timmons and Ebeling (2007)
assumes a N-retention in the ﬁsh of 42%, which is low compared to
published data using modern feeds in Atlantic salmon. In a study
on 80g initial weight Atlantic salmon parr (Grisdale-Helland and
Helland, 1997), a N-retention of 52.8%, and a fecal N loss of 7.7%
of feed N was found for parr fed the 51:25 protein:fat diet; a diet
composition comparable to the diet used in Trial 2. Assuming a 50%
leaching of fecal N to the rearing water (Smith et al., 1980), before
the particles are removed in the microscreen, a total of 43.3% of
ingested N would have been transferred to the water. In the case
of a 50% crude protein feed, as assumed in the dimensioning and
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sed in Trial 2, this equals a loss of 34.6 g N per kg feed ingested, in
ontrast to the model (Timmons and Ebeling, 2007) used in dimen-
ioning of RAS 1, which assumed a loss to the water of 46g N per
g feed (Table 3). Using the loss of 34.6 kg N kg feed, the maxi-
um daily TAN production assumed in the dimensioning (Table 3,
083g TAN/day), is reached at 60.4 kg feed/day, which equals Day
9 in Trial 2, when indeed water quality limits in TAN and CO2
ere met (Table 4). The general steps in dimensioning described in
ummerfelt and Vinci (2004a,b) and Timmons and Ebeling (2007)
ppear sound, but it may be advisable to use published N-retention
or the species and life-stage in question, when sizing bioﬁlters. If
he MBBR size had been reduced by 34%, investment for the entire
CRA water treatment would have been decreased by about 4%.
ence, in a research facility a higher TAN removal capacity may
ave a relatively minor inﬂuence on investment, but could provide
ncreased experimental ﬂexibility. Regarding the deviation for CO2,
n explanation may also lie in an overestimation of production, for
nstance due to efﬁcient feed conversion with low O2 consumed
nd CO2 produced by the ﬁsh.
Although Trial 2 was not designed as a growth study, it was
ound that the average growth rate from Day 21 to Day 39 was
.2% day−1, which is similar to that assumed for the maximal load
ituation (Table 2), aswell as being similar to growth rates observed
n the industry (Skretting, 2007, 4.2%/day for 1–5g/ind, and 4.0% for
–15g/ind, at 14 ◦C). While Trial 1 was run at a relatively light feed
oad and TAN and NO2-N, and presumably other compounds, were
t low concentrations, Trial 2 indicates that the RASs in NCRA could
upport rapid growth also at a maximal load situation.
. Conclusions
The facility described here was built for scientiﬁc purposes, and
or focus on the environmental requirements of Atlantic salmon in
AS. A major goal when constructing the facility was to offer suf-
cient ﬂexibility for experiments, and for doing such experiments
n a semi-commercial scale. During the 3 years of operations so far,
he facility has been in constant use and ﬁve publicly funded exper-
ments, and four industry-funded projects, have been completed.
rials 1 and 2 indicated that the facility could produce industry-
elevant growth rates of Atlantic salmon, and that thewater quality
imits, except NO2-N, were met at the intended daily feed load-
ng. However, it is advised that dimensioning of TAN removal in
he future employ published N-retention data, when available, for
he species and life-stage in question. In the years to come, it is
xpected that NCRA will be useful in providing knowledge about
sh requirements in RAS.
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